INTRODUCTION
Parts of the United States' transportation infrastructure are approaching or have passed their original design lives due to environmental factors, traffic loads, routine application of deicing salts and repeated freezing-and-thawing cycles. Performance monitoring and condition assessment, besides the quality control of newly constructed concrete structures for strength and thickness, is the key for transportation agencies to determine the required funding and the extent of maintenance activities.
Common flaws, such as delamination, affect the service life of a structure. If repairs are not made in a timely manner, the integrity of the structure may be compromised.
1 Therefore, concrete structures require periodic inspection to assess changes in structural condition over time and to ensure safety and serviceability. For the past decades, nondestructive testing (NDT) methods have played a major role in infrastructure condition assessment. [2] [3] [4] [5] [6] Nondestructive testing methods are of great interest to infrastructure management agencies because these methods can provide useful measures for decision-makers to evaluate the remaining capacity of the infrastructure in a more informed manner. Among the NDT methods, stress wave-based (or acoustic) methods are widely used to detect and locate delamination. 6 To realistically evaluate acoustic methods, a large amount of actual field data is needed, which can be obtained through extensive experimental work. This process is very expensive, complex, and time-consuming. Besides, detection and classification of defects are sometimes questionable and depend on the experience and the knowledge of the operator. Alternatively, the required data can be obtained by developing well-calibrated numerical models. A number of studies have been conducted for the comprehensive evaluation of different NDT technologies using two-dimensional (2-D) or three-dimensional (3-D) finite element models. [7] [8] [9] [10] The missing links in the previous numerical studies are mostly calibrating and validating the models with a substantial amount of real field data and conducting a parametric study.
The applicability of two acoustic methods-the impactecho (IE) and ultrasonic surface waves (USW)-in performance monitoring of concrete structures is investigated in this study through an integrated numerical and experimental approach. The main objectives of this study, aside from a better understanding of the potentials and limitations of the IE and USW methods are: 1) to perform a parametric study to identify the sensitive parameters for better defining the boundary conditions and limitations of these methods; and 2) to determine the best testing setup to estimate the thickness and detect different types, depths, and sizes of defects.
After a brief explanation of the methods, the 3-D finite element numerical models of intact and defective concrete specimens are presented. The calibration and validation of the numerical models from the results obtained through actual field tests are discussed. This is the first known instance that the numerical results are calibrated with substantial amount of field data. The calibrated finite element models were then used to perform detailed parametric analyses to quantify the potentials and limitations of the acoustic methods and to specify the degree of sensitivity of each method to different parameters. Finally, guidelines in terms of optimum testing setup to estimate slab thickness and detect different types and sizes of defects at different depths are provided.
RESEARCH SIGNIFICANCE
The contribution of this study to the body of knowledge is a thorough investigation of the IE and USW methods through combined numerical and experimental data. This is the first known instance that the numerical results are calibrated with substantial amount of field data. The outcome of this study has the potential to discriminate between different defects and to refine estimating the depth and size of defects from information obtained from acoustic tests. The product of this research study is most beneficial for practitioner and researchers Title No. 112-M54
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by Hoda Azari and Soheil Nazarian to evaluate the feasibility of using acoustic methods with confidence for estimating the remaining capacity and decision-making on the health of the transportation infrastructure.
DESCRIPTION OF TEST RESULTS

Ultrasonic surface waves (USW) method
The USW method is used to evaluate material properties (velocity of propagation of surface waves or elastic modulus) of a medium.
11 The frequency range of interest is limited to a high-frequency range where the surface wave's penetration depth is less than the thickness of the tested object. The USW method is based on impacting the surface of the tested object and recording the response of the object with at least two receivers. The variation in surface wave phase velocity (V R ) with wavelength shorter than the thickness is measured to generate a dispersion curve. V R is typically determined by dividing the distance between two receivers (Δ x) by the difference in the arrival time of a specific wave (Δt). Knowing V R , the average elastic modulus of the material (E) can be determined from V R , mass density ρ and Poisson's ratio ν using Eq. (1) 12
In case of a uniform or intact concrete slab, the dispersion curve shows relatively constant phase velocity within the wavelengths less than the slab thickness. When a delamination or void is present within the concrete member or when the concrete is deteriorated, the average surface wave velocity (or modulus) becomes less than that of the intact concrete due to the interference caused by the defect. In this case, the velocity or modulus obtained may be called an apparent velocity or modulus.
Impact-echo (IE) method
The IE method is commonly used to detect delamination in concrete members. 6, 13 The basic principle of this method involves striking the surface of the tested object with an impactor, generating and transmitting stress waves at frequencies of up to 20 to 30 kHz, and measuring the response by a nearby receiver. By using a fast Fourier transform (FFT) analysis, the recorded time-domain signal is converted into a frequency-domain function (amplitude spectrum) and the frequency of reflection, called "return frequency," is monitored. In the case of a sound member, the return frequency (f, also known as the thickness frequency) along with the measured or estimated compression wave velocity V p , can be used to estimate the thickness h from
where β is approximately 0.96 for concrete plates. 14 V p is a function of the elastic modulus E, Poisson's ratio ν and the density ρ of the medium and is given by
Other reflectors would be void, delamination, or various types of defects with different acoustic impedance than that of concrete. In the presence of a deep delaminated area, the return frequency shifts toward higher values than the thickness frequency. Such return frequency corresponds to the depth of delamination. A wide or shallow delaminated area is usually manifested by a peak frequency less than the thickness frequency, indicating that little or no energy propagates toward the bottom of the member and a flexural-mode response dominates the frequency response. 8 In this case, Eq. (2) is not valid for estimating the depth of delamination.
EXPERIMENTAL PROCEDURE
All experimental tests were carried out with a portable seismic property analyzer (PSPA). As shown in Fig. 1 , the PSPA consists of two transducers and a solenoid-type source packaged into a handheld portable system that can perform the USW and IE tests simultaneously.
11 This combination enhances the reliability of these methods in determining material properties and thickness, as well as detecting defects within the members with minimal additional field testing time/cost. The impact duration is approximately 130 µs and the data acquisition system has a sampling frequency of 390 kHz/channel. 
Description of constructed bridge deck
NUMERICAL SIMULATION
Several 2 m x 2 m x 220 mm (6.5 ft x 6.5 ft x 8.5 in.) finite element models with varying thicknesses were developed in LS-DYNA 15 to simulate the propagation of elastic waves in intact and delaminated slabs ( Fig. 2(a) , Fig. 3(a) , and Fig. 4(a) ). The details of the numerical analyses can be found in Azari. 16 Finite element modeling of wave propagation problems requires proper spatial and temporal discretization in view of the frequencies and wavelengths of interest.
In consideration of the frequency content of the source and assumed material properties, 3-D eight-noded solid elements with a size of 10 mm (0.4 in.) in both vertical and horizontal directions were selected. The solid lines in the schematic numerical models in Fig. 2 areas were modeled at the center of the defective slabs at different depths. The delamination was simulated by using a tiebreak contact interface within the slab. The medium was assumed to be homogenous and material model to be elastic and isotropic. The concrete elastic modulus in the numerical simulation was set at 28 GPa (4000 ksi) to represent the experimental situation realistically. The stiffness proportional damping coefficient β was calculated from the following equation
where x 1 and x 2 are two consecutive displacements; and ω is the natural frequency.
To simulate PSPA sampling, the time increment was set at 2.6 µs. This time increment satisfies the stability criteria when the element size equals 10 mm (0.4 in.). The shape and duration of the defined applied load in the numerical model closely simulated the solenoid-type hammer in the PSPA.
The IE data analysis includes filtering the waveform with a temporal low-pass zero-phase filter with a frequency of 20 kHz to remove surface wave energy, transforming the filtered waveform into the frequency domain using the FFT analysis, and inspecting the resulting frequency spectrum. The same waveforms, acquired at two receivers, were used to perform the USW analysis and obtain the dispersion curves.
RESULTS AND DISCUSSION Calibration of numerical results with actual field data
In the first part of this study, the validity of the developed numerical models was verified with experimental results. Data were collected with PSPA at 481 points on the bridge deck along a 150 mm (6 in.) grid. Numerical waveforms were obtained at two surface points, spaced at 100 mm (4 in., near receiver) and 200 mm (8 in., far receiver) from the source, to simulate PSPA source-receiver configuration used in the experimental study. The numerical waveform is compared with the experimental waveform in Fig. 2(b) . The experimental intact reference point on the actual slab was chosen randomly in an area that the interruptions from cracks, delamination, or lateral boundaries were minimal. The numerical waveform matches well with the experimental signal. Some low-frequency energy is superimposed on the experimental data at the far receiver that might be due to reflection from a crack, adjacent delamination, or any heterogeneity inside concrete. As shown in Fig. 2(c) , the numerical and experimental IE results yield comparable amplitude spectra with a dominant frequency around 9 kHz that corresponds to the thickness of the slab. The difference between the experimental and numerical peak frequencies is attributed to the uncertainties related to the measured modulus, damping properties, and the digitization rate of the data. The USW dispersion curve from the numerical data in Fig. 2(d) resembles the one from the experimental data well. The average surface wave velocities of the actual slab and the numerical model are around 2100 m/s (6900 fps).
Besides the intact model, several delaminated slab models were developed to simulate the embedded delaminations in the bridge deck. Typical finite element model, waveforms, the resulted amplitude spectra at the near receiver, and the dispersion curves from a 0.6 x 0.6 m (2 x 2 ft) delamination embedded at a nominal depth of 75 mm (3 in.), are shown in Fig. 3 . The low-frequency energy in the waveforms at both receivers in Fig. 3(b) demonstrates that the flexural vibration mode is excited. Multiple low-frequency peaks are evident in the numerical and experimental amplitude spectra in Fig. 3(c) . Based on a sensitivity study of the IE method, 16 the energy in the amplitude spectrum for a shallow delamination is in the form of low-frequency flexural mode, and the shallower the defect is, the lower the dominant frequency will be. The dominant frequency in the numerical spectrum is around 0.6 kHz, while the experimental frequency peak is around 2.7 kHz. The reason for the differences in the frequencies can be attributed to a 2 kHz high pass filter incorporated in the PSPA that eliminates or reduces the energy associated with frequencies lower than 2 kHz. The higher dominant frequency in the experimental spectrum is due to the shift of the actual delamination to a deeper depth during the construction phase, as shown in Fig. 3(d) . The delamination can be readily detected through a significant decrease in velocity at the depth of defect in both the numerical and experimental dispersion curves in Fig. 3(e) . The actual delaminated area and the simulated model have an average velocity of around 1850 m/s (6100 ft/s), which is a clear indication of a defective zone.
A reasonable agreement between the experimental and numerical IE and USW results could lead to the consideration that the results discussed later are reasonable.
Parametric study
The sensitivity of the IE and USW methods to several parameters and the influence of complexity of the surrounding medium on the applicability of those methods are discussed in the second part of the study. A large number of 3-D finite element models were executed and analyzed to investigate how the IE and USW results are impacted by different parameters such as spatial discretization, concrete slab geometry (including the overall dimension and the thickness), boundary conditions, material properties (damping properties), and size (a) and location (d) of discontinuities in the concrete slab. The numerical spatial discretization and aggregate top size have similar effects on the wave propagation. If the mesh size or the size of aggregate is large, higher-frequency (short wavelength) energy will behave unpredictability in the waveform.
One parameter that plays an important role in the reliability and accuracy of the results is the overall dimensions of the model in the presence of reflecting lateral boundaries. To investigate the effect of this parameter on the accuracy of the results, a 1 x 1 m (3.3 x 3.3 ft) slab and a 2 x 2 m (6.5 x 6.5 ft) slab, both with reflecting boundaries and 200 mm (8 in.) thickness, were simulated (Fig. 4(a) ). The waveforms were obtained at two receivers, spaced at 100 and 200 mm (4 and 8 in.) from the source. As shown in Fig. 4(b) , the energy content of the reflected wave from the lateral boundaries is greater at both receivers on the smaller slab. The near receiver on the smaller slab senses the reflected wave at 0.43 ms, while the first reflection from the larger slab is recorded at 0.9 ms.
A peak frequency around 9 kHz dominates the frequency spectra of both cases (Fig. 4(c) ), which indicates that a large portion of the energy is reflected back from bottom of the slab. Besides the bottom reflection, a portion of the wave energy is reflected back from the lateral boundaries, which is indicated by frequency peaks greater than the thickness frequency. These frequency peaks are more pronounced in the case of a 1 x 1 m (3.3 x 3.3 ft) slab, which indicates that less energy is reflected back from larger slab's lateral boundaries due to material and geometrical damping. Unlike the IE method, the size of the slab does not seem to affect the dispersion curve (Fig. 4(d) ) because the surface wave energy is not impacted by the arrival of the reflection energy.
Details of the parametric study can be found in Azari. 16 However, a summary of the findings for the intact and defective slabs is given in Tables 1 and 2 , respectively. Table 1 summarizes the effect of the studied parameters on the IE and USW responses of intact slabs for thickness and strength measurements. This table demonstrates the potentials, limitations, and the degree of sensitivity of each method to different parameters. Table 2 summarizes the classification and characterization of different sizes and depths of delamination based on the IE and USW responses. These classifications can help in planning field experiments and interpreting the IE and USW results with more confidence.
Optimum test setup for IE and USW methods
The calibrated and validated finite element models were used to provide guidelines in terms of the optimum testing setup to estimate slab thickness and detect different types of defects with different sizes at different depths. One of the important parameters in the stress wave-based NDT methods is setting up an optimum sensors spacing, including source-to-first-receiver spacing (source offset) S and receivers spacing R. If the source offset is too long, the IE response will not be dominated by the reflected P-waves. If the source offset is too short, the surface waves will precede the reflected P-waves and the IE response will be interfered by the effect of the surface waves.
The distance between the receivers controls the range of effective wavelengths. As the spacing between the receivers increases, the longest measurable wavelength increases as well. 17, 18 On the other hand, decreasing the spacing between the receivers provides higher resolution at shallow depths.
A number of finite element models was executed and analyzed to investigate the impact of the source offset and receiver spacing on the reliability and accuracy of the IE and USW measurements for quality management (estimating slab thickness and evaluating material properties) of concrete slabs, and detecting and locating delamination within concrete slabs. Both reflective and nonreflective lateral boundaries were considered for thickness measurement because the reflected energy from the lateral boundaries becomes more significant in the IE results as the receiver gets closer to the edge of the slab. For instance, the numerical results for a 2 m x 2 m x 300 mm (6.5 ft x 6.5 ft x 12 in.) slab are presented in Fig. 5(a) to demonstrate the selection of optimum source offset for the IE and USW measurements. The waveforms were recorded at four receiver loca-tions spaced 100 to 400 mm (4 to 16 in.) from the source (Fig. 5(b) ). The thickness frequency of approximately 6 kHz is marked by a solid line. The energy at this frequency dominates the response from the shortest receiver spacing (100 mm [4 in.] ), indicating that the reflected energy from the bottom boundary is stronger than the reflected surface wave energy from the lateral boundaries (Fig. 5(c) ). For farther receivers, where the body waves are more attenuated and the lateral boundary reflections become more prominent, the frequency peaks greater than the thickness frequency dominate the amplitude spectra (indicated by dots). By imposing nonreflective lateral boundaries, the thickness frequency of approximately 6 kHz dominates the frequency response at all receivers, as shown in Fig. 6(b) .
To study the effect of the source-receiver configuration on the characteristics of the dispersion curves, two cases were considered. In the first case, the source offset was set at 100 mm (4 in.) and the receiver spacing was varied from 100 to 400 mm (4 to 16 in.). The source offset was increased to 200 mm (8 in.) in the second case and the receiver spacing was varied from 100 to 300 mm (4 to 12 in.). Figure 7 shows the dispersion curves from different source-receiver configurations on a 300 mm (12 in.) thick slab. The dispersion curves from both source offsets are relatively constant over the depth of the slab. Comparing Fig. 7(a) and Fig. 7(b) ,
Table 2-Classification and characterization of defects
One low flexural frequency peak can be observed.
USW cannot differentiate between a defective slab and an intact one.
Multiple low-frequency peaks can be observed. The shallower the defect is, the lower the dominant frequency will be. A reduction in phase velocity at a wavelength of approximately the depth of the defect can be observed.
Relatively shallow delamination
One low flexural frequency peak can be observed and very little energy is reflected back from delamination.
Majority of energy of the spectrum is in the form of flexural vibration, and very little energy is reflected back from delamination.
The majority of energy is reflected back from delamination, and very little energy of spectrum is in the form of flexural vibration.
High-frequency peak (frequency of reflected body waves from the delaminated surface) can be observed. Lower energy flexural vibration mode can also be observed.
High-frequency peak (frequency of reflected body waves from the delaminated surface) can be observed.
USW cannot differentiate between a defective slab and an intact one. • Thickness frequency is dominant irrespective of the spatial discretization values.
• Higher-frequency (short-wavelength) energy is removed when the element size is increased (mesh filtering effect).
• Phase velocity varies more at shorter wavelengths.
Overall dimensions (length and width)
• Thickness frequency is dominant irrespective of the slab dimensions.
• Lateral boundary reflection is observed by packets of energy other than the thickness frequency, which is more pronounced in smaller slabs.
• Size of slab does not seem to affect the dispersion curve.
Slab thickness
• Flexural mode (not echo mode) dominates response of slabs thinner than 200 mm (8 in.).
• Dominant frequency corresponding to slab thickness decreases when slab thickness increases from 200 to 450 mm (8 to 18 in.).
• Secondary dominant frequencies, attributed to the energy reflected from lateral boundaries, appear for slabs thicker than 300 mm (12 in.) and get more pronounced when slab thickness increases to 450 mm (18 in.).
• Dominant frequency peak for 600 mm (24 in.) thick slab does not correspond to the thickness frequency.
• In presence of lateral boundary reflection, the current source-receiver configuration and assumed load characteristics are not adequate to detect the bottom of slabs thicker than 450 mm (18 in.).
• Dispersion curve shows relatively constant velocity over the depth.
• Velocity information is provided up to depth equals to three times the receiver spacing.
Damping properties
• Thickness frequency is dominant irrespective of the damping coefficient value.
• Lower amplitude of thickness frequency with higher damping coefficient confirms that higher damping coefficient causes less energy to be reflected from bottom boundary.
• In presence of reflecting lateral boundaries, lower damping coefficient causes additional higher frequency peaks.
• Phase velocity varies more at shorter wavelengths at higher damping values.
more velocity variation is observed for the source offset of 100 mm (4 in.), which might be contributed to the nearsource effects. Based on the recommendation of Heisey, 19 the maximum wavelength for dispersion curves is limited to three times the receiver spacing. To obtain the velocity profile for the entire thickness of a slab, the receiver spacing should be at least one-third of the slab thickness. Because the resolution of the dispersion curves at shorter wavelengths decreases as the receiver spacing increases, the receiver spacing should be selected to balance between the resolution of dispersion curve at shallow depths and desired depth of investigation. A summary of the results from the sensor spacing studies is given in Table 3 . This table summarizes the impact of sensor spacing on the effectiveness of the IE and USW methods and demonstrates the proper selection of sensor spacing: 1) to quality management of newly constructed concrete structures for thickness and strength measurements; and 2) to evaluate the performance and health condition of existing structures. Details can be found in Azari. CONCLUSIONS The ultrasonic surface waves (USW) and impact-echo (IE) methods are stress wave-based nondestructive testing methods that are common for material characterization as well as detection and localization of defects in concrete members. The USW and IE methods can be easily combined in the field with a number of devices including a portable seismic property analyzer (PSPA). This combination can enhance the capability and reliability of these methods in quality management and health monitoring of concrete members.
An extensive numerical study using LS-DYNA was carried out to simulate the USW and IE test results. The numerical results were then calibrated with experimental data obtained on a constructed concrete deck. Sensitivity analysis of the USW and IE methods demonstrated that the measurements are affected by the numerical spatial discretization, overall dimension and thickness of the slab, damping properties, and sensor spacing. Based on the summarized results in Table 2 , the IE frequency responses and the USW dispersion curves of the delaminated slabs depend on the defect size and depth. Depending on the depth and size of the delamination, the dominant frequency peak in the IE amplitude spectrum can be higher or lower than the thickness frequency. The USW method with the current PSPA configuration is not effective in detecting small and/or deep delaminated areas.
Based on the results obtained from different source-receiver configurations and summarized in Table 3 , the IE frequency response of the receiver spaced 100 mm (4 in.) from the source gives more precise thickness measurements, when the slab is thinner than 450 mm (18 in.) and lateral boundaries are reflective or far from the test location. The IE method cannot estimate the thickness of slabs thicker than 450 mm (18 in.) with the assumed source load characteristics and the rapid body wave attenuation. When the delaminated area is located at shallow depths (depth of delamination/ slab thickness < 0.65), low-frequency peaks dominate the IE amplitude spectra, irrespective of the source offset. In the case of deep delamination (depth of delamination/slab thickness ≥ 0.65), the amplitude spectrum of the receiver spaced at 100 mm (4 in.) from the source is dominated by a frequency peak that corresponds to the depth of delamination. The echo mode tends to dominate the amplitude spectra constructed with longer source offset as the delamination gets deeper. Small delaminated areas (delamination size/source offset < 4) at any depth do not impact the USW measurement, irre- In presence of lateral reflective boundaries:
• In cases of slabs thinner than 450 mm (18 in.), the shortest source-receiver spacing gives the most reliable thickness estimates. In cases of slabs thicker than 450 mm (18 in.), none of the source-receiver spacings is able to measure the slab thickness. In absence of lateral reflective boundaries:
• In cases of slabs thicker than 450 mm (18 in.), the source offset of up to 200 mm (8 in.) can detect the bottom of the slabs. For the slabs thinner than that, source offset up to 400 mm (16 in.) can measure the thickness.
• Irrespective of the source-receiver configuration, the dispersion curves are relatively constant over the depth of the slab.
• Less velocity variations are observed for the source offset of 200 mm (8 in.) as compared to 100 mm (4 in.).
• The maximum wavelength for dispersion curves should be limited to three times the receiver spacing.
• The resolution of the dispersion curves at shorter wavelengths decreases as the receiver spacing increases.
• The receiver spacing should be selected to balance between the resolution of dispersion curve at shallow depths and desired depth of investigation.
Detecting and locating the defect
• In case of shallow delamination, low-frequency peaks dominate the responses of all the receivers. IE method is not able to estimate depth of shallow defects.
• In case of deep delamination, higher frequencies than thickness frequency dominate the responses of receivers located at 100 and 200 mm (4 and 8 in.).
• The shallow delamination is detectable by a source offset and receiver spacing of 100 mm (4 in.).
• To detect the deep defects, the source offset should be at least 200 mm (8 in.). The receiver spacing of 100 mm (4 in.) is recommended.
spective of the source offset and receiver spacing. To improve the effectiveness of the USW method to detect larger delaminated areas (delamination size/source offset ≥ 4), the source offset of 200 mm (8 in.) is recommended. 
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